Journal  of  Power  Sources  195  (2010)  1463-1471 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


in 

SllbaidtS 


Chemical  vapor  synthesis  and  characterization  of  aluminum  nanopowder 

Jin  Won  Choi,  Hong  Yong  Sohn*,  Young  Joon  Choi,  Zhigang  Zak  Fang 

Department  of  Metallurgical  Engineering,  University  of  Utah,  135  South  1460  East,  Room  412,  Salt  Lake  City,  UT  841 12-01 14,  USA 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  23  July  2009 

Received  in  revised  form  1  September  2009 

Accepted  2  September  2009 

Available  online  11  September  2009 


Keywords: 

Hydrogen  storage 
Chemical  vapor  synthesis 
Aluminum  nanopowder 
Nanocrystalline  materials 


Aluminum  is  a  component  in  many  promising  hydrogen  storage  materials  such  as  aluminum  hydride  and 
complex  aluminum  hydrides.  In  this  research,  A1  and  TiAl3 -containing  A1  nanopowders  were  prepared  by 
a  chemical  vapor  synthesis  (CVS)  process  using  Mg  as  the  reducing  agent.  XRD  and  EDS  results  indicated 
that  the  produced  powder  was  composed  of  A1  or  A1  with  TiAl3.  The  shape  of  the  powder  was  spherical 
with  the  average  size  in  the  range  of  1 0-50  nm  measured  by  SEM,  TEM,  BET  and  ZetaPALS  compared  with 
the  typically  larger  than  1 00  nm  for  commercially  available  fine  A1  powders.  In  addition,  the  effects  of  the 
operating  conditions  such  as  Ar  flow  rate,  precursor  feed  rate  and  reaction  temperature  on  the  properties 
of  the  product  powder  were  investigated. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Hydrogen  is  one  of  the  most  promising  alternative  energy  car¬ 
riers  [1,2].  Currently,  the  simplest  and  most  common  method 
of  hydrogen  storage  uses  thick-walled  pressurized  tanks.  Other 
methods  such  as  liquid  hydrogen  in  a  cryogenic  tank,  physisorp- 
tion  of  hydrogen,  metal  hydrides  and  complex  hydrides,  many  of 
them  containing  aluminum,  as  well  as  the  use  of  hydrocarbons 
have  been  studied  [1-6].  Metal  hydrides  and  complex  hydrides 
offer  a  safe  way  to  store  hydrogen.  However,  the  kinetics  of 
dehydrogenation  is  too  slow  in  a  near-ambient  temperature  and 
the  reactions  are  not  readily  reversible  under  reasonable  condi¬ 
tions  [3,6].  To  overcome  these  barriers,  nanoparticles  and  doping 
elements  are  considered.  Recent  studies  have  shown  that  the  dehy¬ 
drogenation  temperature  can  be  lowered  and  the  reversibility 
of  hydrides  such  as  sodium  alanate  can  be  increased  by  doping 
the  compounds  with  Ti  [7-9].  In  addition,  nanoscaled  materials 
offer  many  advantages.  The  small  size  of  these  materials  strongly 
enhances  the  kinetics  of  hydrogenation  and  dehydrogenation  by 
increasing  the  reaction  and  diffusion  rates.  In  other  words,  the 
reactivity  per  unit  mass  of  nanostructured  materials  due  to  the 
large  surface  area  is  significantly  higher  and  the  diffusion  path 
from  surface  to  bulk  is  shorter  than  that  of  the  larger  sized  materi¬ 
als. 

The  synthesis  techniques  for  nanosized  materials  include  gas 
condensation,  plasma  processing,  chemical  vapor  synthesis  (CVS), 
sol-gel,  rapid  quenching,  crystallization  of  amorphous  solids  and 
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mechanical  milling/alloying  [10,11].  Most  methods  require  an 
extensive  effort  to  control  the  size  of  the  particles  in  the  nanome¬ 
ter  range  to  prevent  agglomeration  and  oxidation  due  to  the  highly 
reactive  nature  of  the  particle  surface.  Chemical  vapor  synthesis 
is  a  method  to  prepare  solid  powders  by  vapor  phase  reactions.  It 
was  developed  from  the  chemical  vapor  deposition  technique  to 
form  particles  instead  of  a  film.  CVS  has  considerable  flexibility  in 
producing  nanomaterials  by  the  use  of  a  wide  variety  of  precur¬ 
sors.  The  CVS  process,  which  has  been  successfully  developed  at 
the  University  of  Utah,  involves  reducing  a  vapor  phase  mixture  of 
volatile  precursors  of  the  constituent  metals  by  magnesium  vapor 
or  hydrogen,  depending  on  the  thermodynamics  of  the  synthesis 
reactions.  The  key  advantages  of  this  process  are  the  small  size  of 
produced  particles,  the  ability  to  produce  powders  of  many  differ¬ 
ent  compositions,  the  homogeneity  of  powder  composition,  and 
the  ease  of  doping  element  addition  in  one-step  synthesis.  Sohn  et 
al.  [12-15]  applied  the  basic  concepts  of  the  hydrogen  reduction  of 
metal  chlorides  to  the  CVS  of  intermetallic  and  metal  alloy  pow¬ 
ders.  When  hydrogen  is  used,  these  chemical  vapor  reactions  can 
generally  be  written  as  follows: 

mMClx(g)  +  nNCly(g)  +  0.5(mx  +  ny)H2 

=  MmNn(s)  +  (mn  +  ny)HCl(g)  (1) 

where  M  and  N  represent  two  different  metals  with  x  and  y  being 
the  valences  and  MmNn  being  the  intermetallic  compound  formed. 
Another  key  feature  of  chemical  vapor  synthesis  is  that  it  allows  the 
formation  of  doped  or  multi-component  nanoparticles  through  the 
use  of  multiple  precursors.  Sohn  et  al.  [  1 6]  synthesized  WC-Co  com¬ 
posite  powder  by  reducing  WC16  and  CoCl2  precursors.  Choi  et  al. 
[17]  prepared  Mg  nanoparticles  doped  with  Ti  in  a  vapor  phase  reac¬ 
tion,  which  showed  superior  hydrogen  storage  properties.  Ehrman 
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et  al.  [  1 8  ]  produced  NaCl-encapsulated  Si  particles  by  reacting  SiCl4 
with  sodium  vapor. 

For  automotive  application,  hydrogen  storage  materials  based 
on  light  metal  hydrides  have  attracted  much  attention.  Numerous 
aluminum-containing  compounds  such  as  NaAlH4  [8,9],  A1H3  [19], 
LiAlH4  [20]  and  Mg(AlH4)2  [21]  have  been  identified  to  have  high 
potential  as  hydrogen  storage  materials.  This  prompted  our  effort  to 
develop  nanosized  aluminum  powder.  Aluminum  hydride  or  alane, 
A1H3,  is  potentially  a  highly  attractive  storage  material  due  to  its 
high  mass  hydrogen  capacity  of  10  wt.%.  However,  experiments  on 
A1H3  exhibited  slow  H2  evolution  rates  below  150  °C.  It  is  very  dif¬ 
ficult  to  regenerate  the  spent  aluminum  powder  back  to  A1H3  [22]. 
One  of  the  most  promising  candidates  up  to  date  is  the  aluminum 
based  complex  hydride,  NaAlH4.  Bogdanovic  and  Schwickardi  [7] 
showed  that  NaAlH4  can  be  made  reversible  at  relatively  low  tem¬ 
peratures  and  pressures  by  adding  titanium.  Recently,  Lu  et  al.  [23] 
discovered  a  combined  hydrogen  storage  system  of  Li3AlH6-LiNH2 
which  has  7.3  wt.%  hydrogen  capacity.  They  showed  that  this  sys¬ 
tem  is  nearly  100%  reversible  according  to  the  following  reaction: 

Li3AlH6  +  3LiNH2  Al  +  3Li2NH  +  4.5H2  (2) 

Magnesium  alanate,  Mg(AlH4)2,  is  another  attractive  complex 
hydride,  which  has  a  theoretical  hydrogen  storage  capacity  of 
9.3  wt.%.  Researchers  [24-28]  have  shown  that  it  decomposes  in 
two  major  steps  according  to  the  following  reactions: 

Mg(AlH4)2  -*  MgH2  +  2A1  +  3H2  (3) 

MgH2  -*  Mg  +  H2  (4) 

2A1  +  Mg  -*  1  /2Al2Mg3  +  1  /2A1  (5) 

Despite  the  significant  research  on  the  hydrogenation  behavior 
of  the  aluminum  and  complex  aluminum  hydrides,  little  infor¬ 
mation  is  available  on  the  aluminum  nanopowder  as  a  starting 
material  for  the  hydrogen  storage  materials.  Light  metal  alloys  are 
difficult  to  mill  due  to  their  ductility  and  reactivity.  Therefore,  in 
this  research,  an  investigation  was  carried  out  on  the  synthesis 
of  Al  and  TiAl3 -containing  Al  nanopowders  from  metal  chlorides. 
More  specifically,  this  research  had  the  following  goals:  (1)  chemi¬ 
cal  vapor  synthesis  of  Al  nanopowder  using  the  Mg  vapor  reduction 
method  and  characterization  of  the  product  powder,  (2)  investiga¬ 
tion  of  the  effect  of  operating  conditions  on  the  nanosized  powder 
production,  (3)  synthesis  of  intermetallic  compound  TiAl3  as  a 
dopant  for  the  Al  nanopowder. 

2.  Experimental  apparatuses  and  procedures 

2.1.  Raw  materials 

The  most  commonly  used  reactants  are  metal  chlorides,  because 
of  their  high  vapor  pressures  and  purities.  The  chemicals  A1C13, 
TiCl3  and  Mg  powder  were  purchased  from  Sigma-Aldrich  Chemi¬ 
cal  Co.  The  purity  of  the  purchased  reagent  grade  A1C13  was  98% 
and  TiCl3  was  99.99%  pure.  The  particle  size  of  the  Mg  powder 
was  1 77-420  p,m  (40-80  mesh)  with  99.6%  purity.  Ultra  high  purity 
Argon  (99.999%)  was  used  to  deliver  the  raw  materials  in  an  inert 
atmosphere. 

To  remove  unwanted  byproduct  MgCl2  from  the  collected  pow¬ 
der,  200  proof  pure  ethanol  was  used  to  prevent  oxidation  during 
rinsing  (anhydrous,  >99.5%).  For  the  collection  of  the  powder, 
Anopore®  inorganic  membrane  with  pore  size  of  20  nm  was  used 
for  rinsing. 

2.2.  Preliminary  experimental  apparatus 

Preliminary  experiments  were  conducted  to  examine  the  pos¬ 
sibility  of  synthesizing  Al  powder  by  the  proposed  system  [29]. 


Electrically  heated  reactor  systems  were  used,  each  of  which  con¬ 
sisted  of  a  horizontal  or  vertical  tubular  reactor,  a  volatilizer,  a 
powder  collector  and  an  off-gas  scrubber.  In  the  earlier  preliminary 
experiments,  A1C13  was  volatilized  in  an  external  volatilizer  and  Mg 
was  volatilized  from  a  ceramic  boat  placed  inside  the  horizontal 
316  stainless  steel  reactor  tube.  In  the  latter  preliminary  tests  in 
a  vertical  alumina  reactor,  fine  powders  of  the  reactants  A1C13  and 
Mg  were  fed  into  small  alumina  tubes  placed  in  the  top  part  of  the 
reactor,  which  served  as  the  volatilizers.  The  product  powder  was 
collected  in  a  collector  containing  ethanol  and  the  off-gas  was  neu¬ 
tralized  by  a  NaOH  solution.  After  the  experiments,  the  collected 
powder  was  rinsed  with  200  proof  ethanol  to  remove  unreacted 
A1C13  and  the  MgCl2  produced  from  the  reaction  and  then  filtered 
by  means  of  a  filter  with  a  pore  size  of  1 00  nm  (anhydrous,  >99.5%). 
Additional  details  can  be  found  elsewhere  [29]. 

The  size,  morphology  and  chemical  composition  of  the  powders 
were  investigated  with  SEM  (TOPCON  SM-300),  EDS  and  TEM  (FEI 
Tecnai  30).  The  product  powder  was  analyzed  by  XRD  (Siemens 
D  5000)  to  identify  the  phase  and  calculate  the  average  grain  size 
of  powder.  The  particle  size  distribution  was  measured  by  using 
a  Brookhaven  Instruments  ZetaPALS  unit  which  has  a  spatial  res¬ 
olution  of  1  nm.  ZetaPALS  measures  particle  sizes  based  on  the 
degree  of  spectral  broadening  induced  in  an  incident  laser  beam 
by  scattering  from  particles  in  a  Brownian  motion.  The  powder  was 
suspended  and  diluted  with  pure  ethanol  in  a  vial.  The  vial  was  son¬ 
icated  in  an  ultrasonic  bath  for  30  min  to  minimize  agglomeration 
of  the  powder. 

2.3.  Improved  experimental  apparatus 

The  system  was  subsequently  modified  to  obtain  finer  nano 
grains  with  a  more  uniform  size  distribution  and  increase  the  yield 
of  the  product  by  minimizing  the  buoyancy  effect  of  the  gas  phase 
by  using  a  horizontal  reactor.  Fig.  1(a)  shows  the  modified  CVS  sys¬ 
tem.  The  diameter  of  the  reactor  was  5  cm  and  a  graphite  funnel  was 
installed  inside  the  reactor  to  enhance  the  mixing  of  the  vaporized 
reactants.  The  system  was  composed  of  external  entrained-flow 
powder  feeders,  reactor  with  volatilizer  tubes  and  powder  collect¬ 
ing  system.  The  volatilizers  were  alumina  tubes  that  extended  into 
the  mid-part  of  the  reactor.  Each  precursor  was  placed  in  a  glass 
tube,  which  was  then  mounted  onto  the  powder  feeder.  Argon  gas, 
shown  by  streams  a  and  b  in  Fig.  1(b),  was  flowed  through  the  pow¬ 
der  feeder  to  act  as  a  carrier  for  the  precursor  as  well  as  to  maintain 
an  inert  environment.  At  the  same  time,  the  glass  tube  was  gradu¬ 
ally  pushed  upward  a  desired  rate  by  the  syringe  pump  to  feed  the 
powder  into  the  volatilizer.  Calibration  of  the  powder  feeder  indi¬ 
cated  that  a  constant  feed  rate  was  maintained  from  the  beginning 
until  all  the  powder  was  discharged.  The  flow  rate  of  the  carrier  Ar 
was  1  L  min-1  in  each  stream.  Additional  carrier  Ar  with  a  flow  rate 
of  0.3  L  min-1  was  supplied  to  prevent  precursor  from  sticking  in 
the  feed  tubes.  These  flow  rates  were  kept  the  same  for  different 
runs  because  they  were  the  optimum  rates  for  the  feeding  of  the 
precursors  into  the  reactor.  Dilution  Ar  gas  shown  as  stream  e  in 
Fig.  1(b),  was  directly  supplied  into  the  reactor  with  various  flow 
rates  to  control  the  gaseous  reactant  concentration.  The  total  Ar 
flow  rate  was  defined  as  the  sum  of  all  the  flow  rates  (carrier,  addi¬ 
tional  carrier  and  dilution  Ar  flow  rates)  to  the  reactor.  The  graphite 
funnel  as  shown  in  Fig.  1(c)  was  placed  at  10  cm  behind  from  the 
alumina  feeding  tubes  for  precursors  to  increase  gas  phase  mix¬ 
ing.  An  alumina  tube,  0.6  cm  inner  diameter,  was  connected  to  the 
graphite  funnel  to  improve  the  mixing  of  gaseous  reactants. 

A1C13  and  Mg  precursors  were  filled  in  1 .3  and  1  cm  diameter  vial 
tubes,  respectively,  in  the  glove  box  and  the  weights  of  the  vials 
were  measured.  During  heating  of  the  furnace  to  the  target  tem¬ 
perature,  Ar  gas  was  supplied  into  the  reactor  to  remove  residual 
oxygen  and  maintain  an  inert  atmosphere.  When  the  target  tern- 
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Fig.  1.  (a)  Modified  horizontal  experimental  apparatus  (FI,  2:  entrained-flow  powder  feeders,  Fu:  Graphite  funnel,  Zl,  2, 3:  Hot  zones,  P/Cl,  2:  powder  collectors),  (b)  detailed 
view  of  the  Ar  inlet  area  (a  and  b:  carrier  Ar;  c  and  d:  additional  carrier  Ar;  e:  dilution  Ar),  and  (c)  detailed  view  of  the  graphite  funnel. 


perature  was  reached,  the  vials  filled  with  precursors  were  placed  in 
the  powder  feeders  and  the  feeding  rates  were  set  according  to  the 
experimental  conditions.  Also,  the  Ar  gas  flow  for  precursor  deliv¬ 
ery  and  the  dilution  Ar  flow  were  set  for  the  experiments.  When 


Ti-doped  Al  powder  was  to  be  synthesized,  a  small  amount  of  TiCl3 
particles  were  added  to  A1C13  and  the  two  components  were  uni¬ 
formly  mixed  using  a  mortar  and  pestle  to  be  fed  into  the  reactor. 
Before  collecting  the  produced  powder,  the  off-gas/particle  mix- 
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Temperature  (°C) 

Fig.  2.  Equilibrium  composition  vs.  temperature  for  a  mixture  of  1  mol  AICI3  -1 .5  mol 
Mg-5  mol  Ar  under  101.3  kPa  pressure. 

ture  was  passed  through  the  bypass  line  for  5  min  to  stabilize  the 
system.  After  stabilization,  the  produced  powder  was  collected  in 
the  main  filter  and  the  off-gas  from  the  filter  was  neutralized  by  a 
NaOH  solution  and  vented. 

3.  Results  and  discussion 

3.1.  Equilibrium  thermodynamics 

Before  starting  any  experiments,  it  is  helpful  to  carry  out  a  the¬ 
oretical  thermodynamic  calculation  to  determine  the  conditions  to 
produce  the  desirable  phases.  Equilibrium  calculations  were  per¬ 
formed  for  the  Al-Mg-Cl-Ar  system  under  constant  pressure.  HSC 
Chemistry  software  version  5.1  [30],  developed  by  Outokumpu 
Research  Oy,  which  is  based  on  the  principle  of  the  Gibbs  free 
energy  minimization,  was  used  to  calculate  the  thermodynam¬ 
ics  of  reactions.  The  thermodynamic  data  used  for  the  calculation 
were  taken  from  the  HSC  database.  The  calculation  was  performed 
under  one  atmospheric  pressure  and  the  effects  of  the  experimental 
conditions  were  evaluated.  Calculation  of  the  equilibrium  composi¬ 
tions  was  performed  under  one  atmospheric  pressure.  The  species 
considered  in  the  equilibrium  calculation  were  the  gaseous  species: 
Ar,  MgCl2,  A1C1,  Mg,  Mg2Cl4,  MgCl,  A1C13,  A1C12,  MgCl,  and  Al  plus 
the  condensed  phases:  MgCl2,  Al,  A1C13,  and  Mg.  Apart  from  these 
species,  other  species  such  as  A12C16  and  A12C14  were  considered 
in  the  preliminary  calculations,  but  they  were  found  to  be  present 
in  negligible  amounts  in  the  range  of  conditions  examined  in  this 
work. 

Fig.  2  shows  the  equilibrium  composition  as  a  function  of  tem¬ 
perature.  Al  powder  synthesis  with  the  precursors  is  feasible  over 
a  wide  temperature  range.  MgCl2  is  present  as  condensed  phases 
below  about  1100°C  because  of  its  high  boiling  point,  1412  °C.  As 
the  temperature  increases  up  to  1200°C,  the  amounts  of  AlCl(g) 
and  Mg(g)  increase  while  the  produced  Al  decreases.  Although  not 
shown  in  this  figure,  Al3Mg2  and  Al12Mgi7  are  known  to  occur 
below  450  °C  in  the  phase  diagram  of  the  Al-Mg  system  [31].  To 
prevent  the  formation  of  the  intermetallic  phases,  the  product  must 
be  quenched  rapidly. 

It  is  seen  that  in  the  temperature  range  considered  the  reaction 
can  be  represented  by 

AlCl3(g)  +  1.5Mg(g)  =  Al  +  1.5MgCl2(g)  (6) 

The  AG  value  of  the  reaction  at  1000°C  is  -29.2  kcal  and  the  AH 
value  at  that  temperature  is  -48.9  kcal. 


3.2.  Preliminary  experiments 

The  aluminum  powder  synthesized  at  1000°C  in  the  early  pre¬ 
liminary  experiments  using  a  316  stainless  steel  reactor  contained 
spherical  particles  of  sizes  between  200  nm  and  2|im.  The  EDS 
analysis  showed  that  the  particles  were  composed  of  Al,  Mg  and 
other  impurities  such  as  Fe,  Cr  and  Mn.  These  impurities  came  from 
the  stainless  steel  reactor  by  reacting  with  chlorides.  The  average 
grain  size  calculated  from  the  XRD  peaks  by  applying  the  Scherrer 
equation  [32]  was  around  47  nm,  which  means  that  the  particles 
consisted  of  several  grains  because  the  particle  size  was  larger  than 
the  grain  size.  The  wide  distribution  of  size  might  be  caused  by  the 
low  feeding  rate  of  total  Ar.  It  was  found  that  approximately  half 
of  the  particles  produced  by  the  chemical  reaction  were  deposited 
inside  the  reactor.  The  control  of  input  precursor  was  very  diffi¬ 
cult  because  the  amount  of  input  materials  was  controlled  by  their 
vapor  pressure.  However,  the  feasibility  of  the  Al  synthesis  was 
confirmed  with  these  experiments. 

A  second  set  of  preliminary  experiments  in  a  modified  CVS  sys¬ 
tem  with  a  vertical  alumina  tube  reactor  yielded  nano  grained  Al 
powder  with  higher  purity.  The  shape  of  the  powder  was  again 
spherical.  The  particle  size  was  between  lOOnm  and  1  p,m,  which 
indicated  that  the  particles  were  smaller  and  more  uniform  than 
those  from  the  earlier  preliminary  experiments.  The  crystallite  size 
calculated  by  the  Scherrer’s  equation  was  40  nm.  The  EDS  analysis 
confirmed  that  the  composition  of  the  products  was  Al  with  neg¬ 
ligible  amounts  of  impurities  found  in  the  previous  experiments. 
However,  the  produced  particle  size  was  still  not  in  the  nano  range, 
although  the  grain  size  was  40  nm. 

3.3.  Main  experiments 

Although  pure,  nano  grained  Al  powder  was  successfully  syn¬ 
thesized  with  the  second  set  of  preliminary  experiments,  it  was 
desired  to  obtain  finer  nano  grains  with  a  more  uniform  size  dis¬ 
tribution.  Therefore,  a  new  horizontal  CVS  system,  shown  in  Fig.  1, 
was  fabricated.  Further,  the  horizontal  system  increased  the  prod¬ 
uct  yield  by  reducing  the  loss  on  the  wall  caused  by  a  buoyancy 
effect  observed  in  the  previous  vertical  apparatus.  The  experimen¬ 
tal  conditions  were:  reaction  temperature  of  1000°C,  evaporator 
temperatures  of  1 000  °C,  A1C13  feeding  rate  of  0.1  g  min-1 ,  Mg  feed¬ 
ing  rate  of  0.03  g  min-1  and  dilution  Ar  flow  rate  of  9.85  L  min-1. 
The  concentrations  in  the  gas  phase  in  the  reactor  were  controlled 
by  the  dilution  Ar  flow.  Under  these  conditions,  the  input  molar 
ratio  of  Mg/AlCl3  was  1.4-1. 6.  Fig.  3(a)  and  (b)  shows,  respectively, 
the  SEM  micrograph  and  chemical  composition  of  the  synthesized 
powder.  Only  Al  was  detected  and  there  was  no  indication  of  other 
impurities  in  the  EDS  analysis.  It  is  seen  that  the  product  powder 
was  significantly  agglomerated  because  of  the  fineness  of  the  parti¬ 
cles.  Thus,  TEM  analysis  was  performed  by  diluting  and  sonicating 
the  product  powder  in  pure  ethanol  and  using  a  Cu  grid.  The  TEM 
micrograph  of  the  dispersed  powder  in  Fig.  4  indicates  a  spherical 
particle  shape  with  sizes  in  the  range  of  10-50nm.  The  particles 
were  much  smaller  and  more  uniform  than  those  from  the  previous 
experiments. 

Fig.  5  shows  XRD  patterns  of  the  sample  before  and  after  rinsing 
the  product  powder,  with  the  rinsed  sample  on  the  lower  pattern 
displaying  only  Al  peaks,  which  indicates  that  the  impurity  prob¬ 
lem  encountered  when  stainless  steel  was  used  in  the  preliminary 
experiments  was  resolved.  Based  on  the  XRD  and  EDS  analysis,  it 
was  concluded  that  sufficiently  pure  Al  powder  was  synthesized 
successfully  using  the  CVS  system. 

The  particle  size  of  the  produced  powder  was  also  analyzed 
using  the  ZetaPALS  unit.  Each  measurement  was  repeated  three 
times  and  the  results  averaged.  Fig.  6  presents  the  particle  size 
distribution  obtained.  The  average  size  was  1 7  nm  with  a  narrow 
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Fig.  3.  (a)  SEM  micrograph  and  (b)  EDS  result  of  Al  powder  produced  in  the  improved 
system. 
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Fig.  5.  XRD  patterns  of  product  Al  powder  (before  and  after  rinsing  with  ethanol). 
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Fig.  6.  ZetaPALS  particle  size  analysis  result  of  product  Al  powder. 


distribution.  The  surface  area  of  the  particles  was  further  measured 
using  a  BET  surface  area  analyzer  (ASAP  2100).  The  surface  area 
was  103  m2  g-1  corresponding  to  an  average  particle  size  of  22  nm. 
Thus,  there  was  a  good  agreement  among  ZetaPALS,  TEM  and  BET 
results  in  terms  of  the  particle  size. 


The  particle  morphologies  depend  on  the  characteristic  time  of 
the  collision  and  fusion.  If  the  characteristic  time  for  collision  is 
much  shorter  than  the  characteristic  time  for  fusion  or  sintering 
(e.g.,  Tf/rc  >10),  particle  agglomeration  will  occur.  If  the  character¬ 
istic  time  for  collision  is  much  longer  than  the  characteristic  time 
for  fusion  (e.g.,  rf/rc  <  0.1 )  the  particle  will  be  spherical  [33  ].  Accord¬ 
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Fig.  4.  TEM  micrograph  of  Al  powder  produced  in  the  improved  system. 


Fig.  7.  Effect  of  Mg  vapor  supply  on  product  composition. 
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Fig.  8.  The  average  particle  size  comparison  of  product  Al  powder  (at  1000  °C,  with 
various  total  Ar  flow  rates  and  different  reactor  diameters:  5  and  7.9  cm). 


ing  to  the  sintering  of  Al  nanoparticles,  the  characteristic  time  for 
sintering  is  in  the  order  of  pico-seconds  at  800  K  [34].  Due  to  the 
fast  characteristic  time  of  sintering,  spherical  Al  nanopowder  was 
obtained  in  the  CVS  system.  The  particle  size  could  be  controlled 
by  changing  the  total  Ar  flow  rate  based  on  the  above  results. 

3.4.  Effect  of  Mg  vapor  supply  on  Al  formation 

Aluminum  has  been  found  to  destabilize  MgH2,  and  forms  Mg/Al 
alloys  upon  dehydrogenation  [35-39].  For  example,  Crivello  et  al. 
[39]  reported  that  the  Nb205  catalyzed  Mg-Al  alloys  by  ball  milling 
process  released  4.7wt.%  hydrogen  under  250  °C.  Thus,  experi¬ 
ments  were  performed  in  this  work  to  produce  a  mixture  of  Al 
and  Mg  by  using  various  input  ratios  of  Mg/AlCl3.  With  an  excess 
amount  fed,  the  vaporized  Mg  served  as  both  a  reducing  agent  for 


AICI3  and  a  precursor  for  the  Mg  content  in  the  product.  The  ele¬ 
mental  compositions  obtained  from  quantitative  EDS  analysis  were 
plotted  against  the  input  ratio  of  Mg/AlCl3.  As  shown  in  Fig.  7,  the 
product  was  essentially  pure  Al  until  reaching  the  stoichiomet¬ 
ric  input  molar  ratio  of  1.5.  Beyond  this  ratio,  the  mole  fraction 
of  Al  decreased  proportionally  with  increasing  Mg  vapor  supply. 
As  expected  from  the  phase  diagram  [31  ],  intermetallic  compound 
Al3Mg2  was  formed  by  increasing  the  Mg  input,  which  was  con¬ 
firmed  by  XRD  analysis  (not  shown). 

3.5.  Effect  of  reactant  concentration 

The  effect  of  reactant  concentration  on  the  Al  particle  synthesis 
was  determined  experimentally  by  changing  the  total  Ar  flow  rate. 
Two  alumina  reactors  with  inner  diameters  of  7.9  and  5  cm  were 
used  to  compare  the  particle  size  produced  at  different  reactant 
concentration.  The  feed  rates  of  the  input  precursor  and  reduc- 
tant  were  kept  the  same  (A1C13  feeding  rate  of  0.1  gmin-1  and  Mg 
feeding  rate  of  0.03  g  min-1 ).  The  dilution  Ar  flow  rate  was  varied 
from  2.6  to  9.85  L  min-1  and  the  corresponding  total  Ar  flow  rate 
was  from  5.2  to  12.5  L  min-1.  The  size  of  produced  Al  particles  was 
measured  by  ZetaPALS. 

Fig.  8  shows  the  variation  in  the  average  particle  size  of  product 
particles  with  the  A1C13  concentration  at  1000°C  while  the  input 
ratio  AlCl3/Mg  was  fixed.  The  size  of  the  product  increased  with 
increasing  A1C13  concentration.  The  particle  size,  formed  in  the 
larger  reactor,  was  in  the  range  of  320-160  nm  while  130-25  nm 
in  the  smaller  reactor.  The  linear  velocities  of  the  gas  mixture  in 
the  larger  and  smaller  reactors  were  14.5  and  36.1  cms-1,  respec¬ 
tively.  The  particle  size  decreased  with  increasing  gas  velocity. 
With  increasing  total  Ar  flow,  the  concentration  of  input  species 
decreased  in  the  reactor  which  indicated  that  the  concentration  of 
the  species  in  the  reactor  affected  the  particle  size.  The  increase  of 
total  Ar  flow  rate  also  reduced  the  length  of  time  that  the  parti¬ 
cles  spent  in  the  reactor  and  consequently  led  to  the  decrease  of 
particle  size.  Since  the  input  amounts  of  the  precursors  were  fixed, 


Fig.  9.  EDS  mapping  results  of  the  4mol%  TiCh  doped  Al  powder  (white  regions  indicate  the  elements),  (a)  SEM  image  of  the  powder,  (b)  Al,  (c)  Ti,  and  (d)  Cl  distribution 
map. 


J.W.  Choi  et  al.  /  Journal  of  Power  Sources  195  (2010)  1463-1471 


1469 


EDS 


20  (degree) 
XRD 


Fig.  10.  EDS  analysis  and  XRD  patterns  of  the  Al  powder  from  the  AlCl3/4  mol%  TiCl3  mixture. 


the  concentration  of  gaseous  species  in  the  reactor  decreased  by 
increasing  the  total  Ar  flow  rate.  The  lower  concentration  affects 
the  nucleation  of  particles  due  to  the  lower  ratio  of  supersatura¬ 
tion  and  slower  growth  of  particle.  The  process  of  particle  growth 
can  be  divided  into  the  nucleation  stage  and  the  growth  stage.  Dur¬ 
ing  the  nucleation  stage,  the  vapor  phase  nucleation  takes  place  as  a 
series  of  addition  of  single  molecule  to  develop  into  an  embryo.  This 
process  introduces  the  formation  of  nucleus  with  a  critical  radius. 

3.6.  Synthesis  of  intermetallic  compound  TiAl3  and  Ti-doped  Al 
nanopowder 

As  mentioned  earlier,  Ti  doping  increases  the  kinetics  of  dehy¬ 
drogenation.  Usually,  Ti  doping  is  done  by  milling,  but  it  is  difficult 
to  mill  Al  powder  due  to  its  high  ductility.  In  the  CVS  process,  dop¬ 
ing  can  be  effected  during  the  powder  synthesis  by  directly  mixing 


TiCl3  with  the  precursors.  To  maximize  the  doping  effect  on  the 
hydrogenation  kinetics,  uniform  distribution  of  the  dopant  on  the 
particle  surface  is  important.  To  achieve  these  goals,  two  types  of 
doping  methods  were  used. 

First,  the  dopant  of  4  mol%  TiCl3  was  premixed  with  the  precur¬ 
sor  A1C13.  This  percentage  was  based  on  the  weight  of  TiCl3  and 
AICI3 ,  not  including  Mg.  The  input  molar  ratio  of  A1C13  /Mg  was  0.64 
for  the  reduction  of  the  mixture.  The  dilution  Ar  flow  of  the  reactor 
was  9.85  L min-1  and  the  experimental  temperature  was  1000°C. 
Fig.  9  shows  the  SEM  image  and  EDS  mapping  results  of  the  prod¬ 
uct  powder.  The  dopant  was  uniformly  distributed  in  the  products. 
The  EDS  result  in  Fig.  1 0  shows  that  the  CVS  powder  was  composed 
of  Al,  Cl,  Ti  and  a  small  amount  of  oxygen.  The  molar  ratio  Ti/Al  in 
the  product  power  was  0.06,  based  on  the  EDS  quantitative  analy¬ 
sis.  The  Ti  mole  fraction  in  the  product  was  higher  than  in  the  feed. 
One  of  the  possible  reasons  for  this  result  is  the  higher  ( -  A  G° )  value 


Fig.  11.  EDS  mapping  of  the  liquid  phase  TiCl3  doped  Al  powder  (white  regions  indicate  the  elements),  (a)  SEM  image  of  the  powder,  (b)  Al,  (c)  Ti,  and  (d)  Cl  distribution  map. 
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Fig.  12.  EDS  analysis  of  the  liquid  phase  Ti-doped  CVS  Al  powder. 


of  the  reaction  between  Mg  and  TiCl3  (-34.82  kcal  at  1000  °C)  than 
that  of  the  reaction  between  Mg  and  A1C13  (-26.1 1  kcal  at  1000  °C). 
Thus,  TiCl3  was  preferentially  reduced  by  the  Mg  vapor  in  the  reac¬ 
tor.  The  XRD  pattern  in  Fig.  10  shows  that  intermetallic  compound 
TiAl3  was  formed  due  to  the  reaction  between  the  reduced  Al  and 
Ti.  The  A G°  of  the  TiAl3  formation  at  1000°C  is  -24.8  kcal  mol-1, 
which  makes  the  reaction  feasible. 

Second,  liquid  phase  doping  was  applied  for  the  CVS  Al  powder 
because  this  method  provides  another  efficient  way  for  doping  the 
material  on  the  particle  surface.  4  mol%  TiCl3  dissolved  in  ethanol 
was  applied  on  the  Al  CVS  powder  and  dried.  The  process  was  per¬ 
formed  in  the  glove  box  to  prevent  oxidation.  Fig.  11  shows  the 
results  of  EDS  mapping.  TiCl3  was  uniformly  distributed  on  the 
product  powder.  Fig.  12  shows  the  EDS  elemental  analysis  of  the 
liquid  phase  doping.  The  products  contained  1.04  at.%  Ti  while  the 
amount  of  Cl  was  5.45  at.%  based  on  the  EDS  quantitative  analysis. 
The  results  of  the  first  method  showed  that  the  product  contained 
TiAl3  while  the  second  method  did  not  produce  the  intermetallic 
compound.  In  the  second  method,  the  doping  process  was  done  at 
room  temperature  and  thus  the  resulting  product  did  not  contain 
the  intermetallic  compound. 

It  has  been  reported  that  the  intermetallic  compound  TiAl3 
formed  during  the  high  temperature  processing  also  acts  as  a 
dopant  [8,40-42].  Researchers  [8,40,41]  have  confirmed  that  dur¬ 
ing  the  milling  process  of  NaAHT4  with  4mol%  TiCl3,  TiAl3  can 
be  formed  by  a  mechanochemical  reaction  in  the  mixed  powder 
and  the  kinetics  of  dehydrogenation  and  hydrogen  kinetics  was 
improved  due  to  the  uniform  distribution  of  the  intermetallic  com¬ 
pound.  Kang  et  al.  [42]  demonstrated  the  catalytic  effect  of  TiAl3 
on  NaAlFU.  Therefore,  both  methods  can  be  applied  to  the  prepara¬ 
tion  of  Ti-doped  Al  powder  for  the  hydrogen  storage  applications. 
It  is  planned  in  this  laboratory  to  investigate  the  full  potential  of 
Ti-doped  nanosized  Al  on  NaAHT4  to  better  understand  the  ther¬ 
modynamics  and  kinetics  of  the  reaction. 

4.  Conclusions 

In  the  present  work,  a  CVS  technique  was  applied  to  the  prepara¬ 
tion  of  nanosized  Al  powder  using  a  horizontal  furnace  and  external 
feeding  system,  which  has  several  advantages.  First,  it  is  a  com¬ 
bined  unit  which  has  a  volatilization  system  and  a  reaction  system 
inside  the  reactor.  Second,  a  powder  feeding  system  was  designed 
for  an  accurate  control  of  the  precursors.  The  precursor  was  sup¬ 
plied  by  the  powder  feeder  which  was  operated  pneumatically  to 
feed  fine  solid  particles  directly  into  the  reactor  at  constant  rates. 


Using  this  CVS  system,  Al  and  TiAl3  -containing  Al  were  synthesized. 
Pure  Al  nanoparticle  of  ~20  nm  was  successfully  obtained,  and  Ti 
doping  was  effectively  applied  on  the  Al  nanopowder  using  pre¬ 
mixed  precursors.  EDS  analysis  confirmed  that  the  Ti  was  uniformly 
distributed  with  the  produced  Al.  Finally,  the  CVS  system  has  been 
proved  to  be  capable  of  producing  various  nanosized  particles  with 
narrow  size  distributions  by  using  different  precursors. 
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